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ABSTRACT
Outdoor air is often introduced into commercial buildings from ventilation intakes sited on rooftops where
vegetation (a green roof) is increasingly present. Little is known about the impact of green roofs on the
quality of building outdoor ventilation air supply. In this study, we investigated the potential for green
roofs to impact ozone (O3 ) levels in ventilation air by parameterizing O3 dry deposition to vegetation and
substrate typical of extensive green roofs in field and laboratory studies. Values obtained constrain a 2-D
advection-diffusion model of O3 transport and reaction at the rooftop scale. The 10th , 50th , and 90th
percentiles for O3 surface resistances measured using flux-gradient methods in field studies were 46 s/m,
155 s/m, and 1700 s/m. Surface resistances measured in laboratory chambers for substrate and green roof
samples ranged from 360 s/m to 435 s/m, in the 60th -70th percentile of field measurements. The modelled
impact of a green roof on O3 levels in building outdoor ventilation air intake was a reduction ranging from
0.25 to 1.8 µg/m3 for short fetch lengths (1 m) and low vertical mixing to larger fetch lengths (5 m) and
stronger vertical mixing, respectively, from ambient O3 levels of 144 µg/m3 . Vegetation fetch and
vegetation height had the largest impact on modeled O3 reductions, suggesting large, continuous, intensive
green roof designs may enhance O3 reductions in building ventilation air.
Keywords:
O3 dry deposition; Urban vegetation; Green roof; Pollutant sink; Pollutant mitigation; Ventilation air
supply
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1.0 INTRODUCTION
The benefits of green roofs (also referred to as vegetated roofs or ecoroofs) may include a variety
of environmental and economic benefits, such as reducing storm-water runoff, improving rooftop
membrane longevity, energy savings, and reducing urban heat island effects.[1–5] A green roof is defined
as a vegetated continuous rooftop that may have short grass, tall herbaceous plants, and occasionally shrubs
and/or small trees. [6] Cities such as Stuttgart, Copenhagen, Toronto, and others, including Portland, have
all mandated green roofs be implemented for large commercial buildings.[7] Modeling studies have
characterized urban pollutant deposition to vegetation, including green roofs and urban forests, and report
benefits for urban air quality.[8–11] Green roof impacts on urban air quality are expected to be less than
that of street level vegetation.[6] Sicard et al. [12] reviewed ozone (O3 ) removal by urban vegetation and
found that O3 removal by urban forests (3.4 g m-2 year-1 on average) was greater than removal by green
roofs (2.9 g m-2 year-1 on average). However, green roofs are often placed in close proximity to building
ventilation systems. This includes outdoor air intakes to the building, often as part of heating, ventilation,
and air conditioning (HVAC) systems known as rooftop units (RTUs). If a green roof is installed in
proximity to an RTU, human exposure to air pollution may be altered since outdoor ventilation air can
interact with vegetation before entering the building.[13]
Tropospheric O3 is an outdoor air pollutant that is known to be a harmful pollutant for vegetation
and human health and has been shown to be increasing in urban environments over the last few decades
[14–19]. Dry deposition of O3 to green roofs could act as a removal mechanism effectively treating air that
is brought indoors. While the removal of O 3 is beneficial for human health, O3 interaction with vegetation
and/or biogenic volatile organic compounds (BVOCs) may produce harmful and/or irritating compounds
that should also be considered.[20–22] Recent work demonstrates the potential influence of vegetation,
including that present on building rooftops, on local O3 concentrations. BVOC emission capacity and O3
formation was studied by Baraldi et al. [23] and they found that the potential for green roof vegetation to
contribute to net O3 formation was very low. Carslaw et al.[13] modelled the role of outdoor BVOCs in the
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formation secondary organic aerosols (SOAs) inside office buildings, finding ambient biogenic emissions
where O3 concentrations are elevated contribute substantially to indoor particulate matter. Another largescale modelling effort by Yang et al.[6] characterized urban O3 fluxes to green roofs in the Chicago area
and attributed ~50.5 kg ha -1 yr-1 of O3 removal to green roofs. Finally, a recent study showed differences in
loadings on filters taken from RTUs sited in green vs. white membrane roofs. Measured O3 removal
efficiency to a used HVAC filter taken from the green roof (26%) was higher than that of used white roof
(10%) and that of an unused filter (15%).[24]
Currently, there is scant empirical research on air-pollutant dynamics and surface resistances of
vegetated green roofs, and urban roof surfaces more generally. The present study addresses this gap by
reporting results from 1) field measurements of O3 dry deposition at the neighborhood scale in an urban
environment which contains a green roof and urban greenery, 2) chamber O3 flux experiments to green roof
and substrate (engineered growing media from the roof) samples taken from the field-site green roof, and
3) a 2-D advection-diffusion model that applies field and laboratory surface resistance measurements at the
scale of a building rooftop to determine if green roofs meaningfully impact local O 3 levels near building
outdoor air supply.

2.0 MATERIALS & METHODS
2.1 Field Measurement
A field measurement campaign was conducted to measure O3 fluxes in an urban area containing
vegetation typical of an urban environment. The field campaign took place from 24 August 2017 to 7
September 2017 in Portland, OR, USA during a period of high temperatures and O3 concentrations. The
period included a major regional wildfire from 2 September 2017 to 7 September 2017 which reduced the
dataset. Regional wildfires persisted for two months after the data collection period. The field campaign
was designed considering the limitations of the surrounding site, instrumentation, and access to rooftop
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where sampling occurred. Site meteorology was considered and used to calculate the O3 flux footprint.[25]
The method used to measure O3 fluxes was the atmospheric gradient method (AGM).[26]
2.1.1

Field Flux Calculations:

The heterogeneous interaction of O 3 and the green roof can be modelled as a downward flux (𝐹𝑂 ,
µg m-2 s-1 ) given by equation 1:
𝐹𝑂 = 𝑣𝑑 × 𝐶o

(1)

where 𝑣𝑑 is a constant of proportionality known as the deposition velocity (m/s) and 𝐶o is the
concentration (µg/m3 ) of O3 at a measurement height.
A multi-layer big leaf model [27–29] separates the deposition velocity into transport and surface
resistances shown in equation 2:
𝑣𝑑 =

1
𝑟𝑡

=

1

(2)

𝑟𝑎+𝑟𝑏 +𝑟𝑐

where 𝑟𝑡 is the total resistance (s/m), 𝑟𝑎 is the aerodynamic resistance (s/m), 𝑟𝑏 is the quasi-laminar
boundary layer resistance (s/m), 𝑟𝑐 is the canopy or surface resistance (s/m), and all other terms as defined
previously. Formulations for 𝑟𝑎 and 𝑟𝑏 are shown in the supporting information (SI) document.
For the AGM, the only resistance assumed between the two measurement heights is the aerodynamic
resistance which can be used to calculate 𝑣𝑑 as shown in equation 3:
𝐹𝑂 =

∆𝐶o
𝑟𝑎(𝑧1:𝑧2)

= 𝑣𝑑 × 𝐶o

(3)

where ∆𝐶o (µg/m3 ) is the change in concentration between an upper position, 𝑧1 (m) and the lower position,
𝑧2 (m), 𝑟𝑎 (𝑧1 : 𝑧2 ) (s/m) is the aerodynamic resistance between 𝑧1 and 𝑧2 , and all other terms are as defined
previously.
2.1.2

Site description:
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Ozone and meteorological measurements occurred on the rooftop of a big-box retail store in north
Portland, OR. The building includes a 3,440 m2 rooftop that is split between a green roof and white
membrane roof, shown in Figure 1a, with RTUs and air handling units (AHUs) operating periodically. The
predominant plants on the rooftops were sedums, primarily Sedum Takesimense and Sedum Kamtschaticum
with seasonal variations in species. During the measurement period, the rooftop vegetation was stressed
due to an abnormally dry summer season due to high temperatures and low rainfall during the spring season.
The field site is surrounded to the south primarily by urban “hard” surfaces and to the north and northwest
primarily by vegetated surfaces and urban greenery. A major interstate highway (I-5) is present to the west
of the building. This highway is located ~1000 meters from the measurement location and its impact on site
air quality is expected to be modest as pollution from traffic typically reaches urban background levels
within ~500 meters.[30]
Shown in Figure 1b is a schematic of the field experimental set-up. A three-dimensional sonic
anemometer (Campbell Sci., CSAT3) measured velocity and temperature fluctuations at a measurement
rate of 10 Hz. The sonic anemometer was placed such that the centre of axis in the z direction is 8 meters
above the surrounding ground-level. The instrument was oriented parallel to the edge of the rooftop where
the y-direction was perpendicular to the back vertical wall of the building. The y-direction was aligned to
303° wind direction. A single O 3 monitor (2B Tech, 106L) measured O3 concentration at heights of 8 m
and 7 m every 10 s, recorded as one-minute averages. The heights were chosen considering the rooftop
height, 6.4 m, and the tripod height, approximately 1.75 m. An automated Swagelok switching valve (SS43ZF2-41DCZ) controlled by a timer/controller (Sestos B3S-2R-24) alternated between the heights at 10min interval. The concentration and meteorological data is averaged over a 30-min period.[31] All
monitoring equipment and the switching valve were enclosed in a ventilated, acrylic enclosure to protect
the instruments from wind, rain, and heat. A heating mat was wrapped around the inlet lines to prevent
condensation in the lines. As will be discussed, we observed higher variability in O3 measurements during
some morning periods that we speculate resulted from high water vapor mixing ratios and/or condensation
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in the sampling line. Other studies have shown pollutant gradients measured with the AGM in the morning
have higher uncertainties relative to other techniques.[31]

Figure 1. (a) Rooftop outline of the green roof field site (b) Field set up of ozone fluxes and
meteorological data on the rooftop site, note elevations are relative to the rooftop surface (c) Chamber set
up of isolated ozone fluxes over green roof material.
2.1.3

Measurement of Concentration Gradient

Velocity fluctuations in the x, y and z-direction were used to determine the friction velocity, similar
to the approach by Bryan et al.[32], where shear stresses measured by a sonic anemometer are used to
determine the wall shear stress and subsequently the friction velocity. Temperature fluctuations in
combination with velocity fluctuations in the z-direction are used to determine heat flux over the rooftop.
The friction velocity and heat flux are key components for calculating the aerodynamic and boundary layer
resistance, 𝑟𝑎 and 𝑟𝑏 , used in the AGM.[33–35]
The AGM requires measurement of O3 concentration at two heights as well as the three orthogonal
velocity fluctuations and the temperature fluctuations at the upper height. These data enable the calculation
of time-averaged surface fluxes, typically over periods of tens of minutes. The flux associated with the
7
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AGM will be to a large area that, in this study, includes both urban greenery and urban structures (see
section 3.1). We selected for periods where O3 flux can be attributed predominantly to urban vegetation;
occurring when wind direction was between 273° to 333°. Although selected for surface vegetation, the
flux cannot be attributed fully to urban vegetation as that would only be met in ideal conditions, such as an
infinite vegetated fetch. The crosswind integrated footprint is calculated using MATLAB code [25] on
MATLAB R2016b and discussed in further detail in section 3.1. A second O3 monitor (2BTech, Model
106-L) and switching valve assembly similar to that described previously measured O3 concentrations at
two locations on the green roof, both at a height of 1 m above the rooftop. These locations served as “inlet”
and “outlet” points, respectively, that enabled direct measurement of the impact of the green roof on O3
levels in air traversing a known distance of green roof.
The time-series O3 concentrations alternated across the two heights and required processing to align
the time-series data to a common measurement time for each 30-minute period. A linear interpolation was
used similar to previous studies.[36] As in Stutz et al.[36], measurements of gradients greater than 35%
across each averaging period were neglected. The criterion used for stationarity is to determine if there is a
difference between the average of momentum fluxes of six continuous 5-minute periods and a 30-minute
average during the same period. If the difference is less than 30%, the data is considered high quality.[37]
In our case, all data is under 30%.
2.2 Chamber Flux Experiments
Chamber experiments, shown in the schematic in Figure 1c, were conducted to calculate O3 surface
flux specific to the vegetation from the rooftop via experiments similar to those conducted by Simmons and
Colbeck.[38] Two cylindrical chambers (diameter = 20.3 cm, height = 20.3 cm) were constructed from
acrylic: an open-bottom chamber and a closed-bottom control chamber following a similar design as
Almand-Hunter et al. [39] Tests were conducted by measuring the decay of O 3 following elevation to ~350
ppb using a corona discharge O 3 generator (Eleoption, B01M8IC3EK). An O3 monitor (2B Tech, 106L)
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was used to measure O3 concentrations in the chamber every 10 seconds. The dry deposition velocity, 𝑣𝑑 ,
was calculated by a numerical solution to a mass-balance on the chamber, similar to the approach taken by
Gall et al.[40] A closed-bottom chamber was used to measure background dry deposition velocities to
acrylic chamber surfaces. The air-exchange rate for the chambers was measured using a CO 2 tracer decay
experiment in the absence of vegetation and averaged 0.196 min-1 .
One 25.4 cm x 25.4 cm green roof sample and a soil substrate material, removed from the rooftop,
were selected for laboratory measurements of O3 surface flux. Soil moisture was varied by adding and
mixing incrementally higher water to the green roof and soil substrate trays and allowing them to saturate
overnight. The resulting volumetric water contents determined using a soil moisture sensor (Decagon, EC5) were 0.12, 0.18, and 0.25 m3 m-3 for the green roof samples, and 0.03, 0.04, and 0.07 m3 m-3 for substrate
sample replicates. Light conditions were varied between 1.2, 14.3 and 100.9 µmol m-2 s-1 for the green roof
sample and 1.2, 12.7 and 89.8 µmol m-2 s-1 for the bare substrate sample using fluorescent lamps (Sun
Systems, New Wave T5 and SunLight Supply, New Wave T5). The air temperature and relative humidity
(Onset, S-THB-M002), substrate temperature (Onset, S-TMB-M006), photosynthetically active radiation
(PAR) (Onset, S-LIA-M003), and solar radiation (Onset, S-LIB-M003) were also monitored throughout
the various experiments. The PAR and solar radiation sensors were placed beside the chamber on top of the
substrate. Tests of PAR inside vs. outside the chamber indicate no measurable difference in PAR due to the
acrylic chamber. Additional experiments were conducted to separate the boundary layer resistance by using
potassium iodide (KI), similar to Almand-Hunter et al. [39] and Pape et al. [41]. However, in these tests,
we coated the vegetation itself with a KI solution (100 grams of pure KI dissolved in 125 mL of deionized
water) and then immediately conducted an O3 decay test. The inverse of the deposition velocity calculated
to the green roof sample coated with KI provides an estimate of boundary layer resistance and the surface
resistance was calculated as shown in Equation 4:
𝑟𝑐 =

1
𝑣𝑑

−

1

(4)

𝑣𝑑𝐾𝐼
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where 𝑣𝑑 is the O3 dry deposition velocity for the green roof sample and 𝑣𝑑𝐾𝐼 is the O3 dry deposition
velocity of the sample coated with KI.
2.3 Rooftop Advection-Diffusion Model
The measured parameters from the field and laboratory measurements were used in an advectiondiffusion model to assess the impacts of rooftop and meteorological variables on O3 dry deposition at the
rooftop scale, shown in Figure 2. The model is split between an inertial surface layer (ISL) and a roughness
sublayer (RS), given in equation 5 (ISL) and 6 (RS):
̅̅̅0
𝜕𝐶
𝜕𝑡
̅̅̅0
𝜕𝐶
𝜕𝑡

= −𝑢̅

= −𝑢̅

̅̅̅0
𝜕𝐶
𝜕𝑥
̅̅̅0
𝜕𝐶
𝜕𝑥

−

𝜕
𝜕𝑧

𝐾𝑚

− [∑𝑛𝑖=1

̅̅̅0
𝜕𝐶

(5)

𝜕𝑧
𝑣𝑑𝑖𝐴𝑖
𝑉

] × ̅̅̅
𝐶0

(6)

̅̅̅0 is the mean O3 concentration, 𝑢̅ is the mean velocity, 𝐾𝑚 is the eddy diffusivity coefficient for
where 𝐶
mass, 𝑣𝑑𝑖 is the deposition velocity, 𝐴 𝑖 is the area of the deposition surface, and 𝑉 is the control volume.
A numerical analysis was performed where grid spacing was discretized non-uniformly so that the
treatment of the roughness sublayer (RS) occurred in one layer while the inertial surface layer (ISL) was
split into multiple layers over the rooftop. The RS is a layer in which the constant flux term does not hold,
instead the deposition velocity, 𝑣𝑑𝑖 (m/s), is used characterize the downward flux.[33] The height of the RS
is typically assumed to be somewhere between 2 to 5 times the height of the roughness elements, for our
model, we chose 3 times the height of the roughness elements.[42] To simplify the discretization further,
the area for deposition was assumed to be the bottom surface area of the control volume, which allowed for
the reduction of the bulk deposition term as shown in equation 7:
𝑣𝑑𝑖 ×𝐴𝑖
𝑉

=

𝑣𝑑𝑖

(7)

ℎ

where ℎ is the height of the control volume (m), and all other terms as described previously.
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The model was run until steady state; defined similarly to Coleman et al.[43] as an O3 level
changing less than 2 ppb over 20 minutes. A grid sensitivity study was performed to define a gridindependent solution, occurring at an x-y grid spacing of 125 x 125 nodes.

Figure 2: A model diagram of the interaction between ozone and the green roof due to local
meteorological conditions and surface chemistry. Note that the grey circles represent ozone.
2.3.1

Parametric Study

A parametric study using measured parameters from the field and laboratory tests assessed model
sensitivity using green roof fetch length, green roof surface element (vegetation) height, friction velocity,
heat flux and surface resistance. These parameters were varied between a low, medium and high or the 10th
50th , and 90th percentiles shown in Section 3.3. Friction velocity and heat flux, in combination with the RS
height, was used to calculate the aerodynamic and boundary layer resistance for the rooftop scale. A base
case was set as either the middle value or the 50th percentile of the measured values. High and low cases
were changed independently from the measured base case.
The column of concentration values at the edge of the control volume was assumed to reflect
concentrations that would enter a hypothetical RTU. The RTU itself was not modeled due to the complex
geometry and discontinuity in scale from the vegetated elements. The concentration at a height of 0.75
meters above the rooftop within this column is used to assess potential impacts of the green roof on outdoor
ventilation air. This is the measured height of RTU outdoor air intakes at our field site. Note the ASHRAE
11
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62.1-2016 sets the minimum air intake distance to be 0.30 m from a ‘Roof, landscaped grade, or other
surface directly below intake’.[44]
2.3.2

Sensitivity Analysis

Model uncertainty was characterized by sensitivity indices, 𝑆𝐼𝐶 0.75, and subsequently the elasticity
indices [40,45], 𝐸𝐼𝐶0.75 calculated at an elevation above the rooftop of 0.75, as shown in equations 8-9:
𝑆𝐼𝑥−𝐶0.75 =
𝐸𝐼𝑥−𝐶0.75 =

𝐶0.75,𝑆𝑆 ( 𝑥 0+∆𝑥) −𝐶0.75,𝑆𝑆 ( 𝑥0−∆𝑥)

(8)

2∆𝑥
𝑥0
𝐶0.75,𝑆𝑆 ( 𝑥0)

𝑆𝐼𝑥−𝐶0.75

(9)

where 𝑥 is the input parameter, 𝑥 0 is the base case parameter and ∆𝑥 is the change in the input parameter
and the parameter 𝐶0.75,𝑆𝑆 is the steady-state concentration at a height 0.75 m above the rooftop at the edge
of the control volume (the “outlet” of a hypothetical fetch of green roof) . The elasticity index, 𝐸𝐼𝐶0.75 shows
how a single parameter affects the 𝐶0.75,𝑆𝑆. Note that if the 𝐸𝐼𝐶0.75 is positive, increases in the variable lead
to increases in the 𝐶0.75,𝑆𝑆, and the opposite if the 𝐸𝐼𝐶0.75 is negative.

3.0 RESULTS AND DISCUSSION
This study quantifies the transport and dry deposition of O3 to both urban vegetation and green
roofs; data from these measurements are then used to model the influence of the roof vegetated surface on
O3 dry deposition on O3 levels entering a hypothetical RTU surrounded by a green roof.
3.1 Field Results
Within the study period, we selected meteorological and O3 data such that the prevailing wind
direction was northwesterly, where upwind surfaces are predominantly urban vegetation. This left a twoday period in which O3 surface fluxes are attributable to urban vegetation, shown in Figure 3a. Also shown
for comparison is data collected at the local department of environmental quality (DEQ) southeast Lafayette
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(SEL) location, located approximately 12 km from our site. The O3 concentration profile during the twoday period reported by the DEQ matched well with the field data (r2 = 0.93).
Field measurements occurred from 24th of August 2017 to 7th of September 2017. From 24th of
August 2017 to 25th of August 2017, O3 concentration data was highly variable for much of the daytime
and this period is impractical for flux measurements. The wind selection criteria, in conjunction with the
uncertainty and gradient selection criteria reduced the amount of data during the periods 29th of August
2017 to 1st of September 2017, to less than 30% and deemed not continuous enough to represent daytime
fluxes over vegetation. Finally, a regional fire in the Columbia Gorge area that caused ashing and high
particulate matter levels made the last six days, 2nd of September 2017 to 7th of September 2017, of the twoweek field campaign unsuitable. This left a period between 26th of August 2017 to 28th of August 2017 of
meteorological conditions and O3 concentration measurements suitable for assessment of O3 fluxes to urban
vegetation. Although this study period was short, prior surface flux studies suggests that short periods may
be used to evaluate the impacts of surfaces on local pollutant concentrations. Stutz et al. [36] determined
the correlation between NO2 deposition and HONO emission over grasslands in an urban environment using
two separate, two-day field measurements. Dugas et al. [46] measured sensible and latent heat flux over a
two day period in April, 1989 and found the measured and calculated fluxes were comparable but
significantly higher than the eddy correlation measurements during the same period. Craine, Weding and
Chapin [47] studied the shade and shade-sun effects on CO2 fluxes through two-day periods and found that
shading reduced CO2 fluxes by 40%.
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Figure 3. (a) Ozone concentration measurements for a two-day period at the rooftop location and the
Department of Environmental Quality South-East Lafayette (SEL) location (we observe high uncertainty
in early morning O3 measurements due to low O 3 levels and potential moisture interference) (b)
Temperature and relative humidity measurements on the rooftop (c) Friction velocity and heat flux
measurements (d) Ozone concentration measurements of ‘inlet’ to the green roof and an ‘outlet’
measurement approximately 10 meters downwind on the rooftop
Site temperature and RH are shown in Figure 3b. Figure 3c shows the micrometeorological data
from the previously described field data subset. During the afternoon period on both days, the atmosphere
was unstable, but during late evenings, nights and early mornings, the atmosphere was stable or neutral as
determined by calculation of the stability parameter using the Obukhov length. Figure 3d shows 24 hours
of measurements at two locations across the green roof at constant height above the rooftop. One location
was on the north edge of the green roof and a second location 10 meters to the South (see Figure 1a). Note
14
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that the period shown in Figure 3d results in airflow that moves from the “inlet” location to the “outlet”.
We observed that “inlet” and “outlet” levels were generally within instrument uncertainty (±4.2 µg/m3 ,
added in quadrature), implying, at best, modest effects of the green roof on O 3 levels at heights typical of
building outdoor air intakes for the field conditions during which our measurements were made.
The green roof was surrounded by contrasting environments, with vegetated surfaces to the North
and urban structures to the South, shown in Figure 4a. The wind direction and frequency determined from
the sonic anemometer (Figure 4b) is selected for periods of flow over urban vegetation (Figure 4c), ranging
from wind direction of 273° to 333°. After application of the wind direction and gradient selection criteria,
approximately 42 percent of concentration and meteorological measurements, including periods of high O3
concentration during daytime, was maintained. For the height of the instrument and the measurement
technique used, the effective flux footprint was calculated, similar to that measured by Velasco et al. [48],
shown in Figure 4d. The effective crosswind integrated flux footprint shows more than 80% of the upwind
fetch corresponds to urban greenery.
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Figure 4. (a) Rooftop field location with green and white rooftop outlined in red (b) Wind rose of
the micrometeorological data pre-selection criteria across the two-day period (c) Wind rose of the
micrometeorological data after selecting for periods of flow over urban vegetation within the two-day
period (d) Cross-wind integrated flux footprint using software provided by Kljun at the Institute of
Atmospheric and Climate Science in Zurich, Switzerland.
The concentration flux can be calculated using the AGM given in equation 3 and subsequently a
deposition velocity can be determined. Note that during early morning periods, higher uncertainty in O3
measurement was observed, described further in the supporting information. Figure 5a shows the dry
deposition velocity over the two-day period. During the first day, the difference between the upper and
lower concentrations is small, resulting in generally lower 𝑣𝑑 values. On the second day, there existed
periods of high 𝑣𝑑 . In the early morning periods, we observed several measurements of negative 𝑣𝑑 we
expect due to aforementioned challenges with high RH. The mean 𝑣𝑑 across measurable events during this
period is 0.55 cm/s, on the higher end of the range expected for dry deposition over land and grassland (0.1
– 0.5 cm/s) [49–51] but approximately the same range as those reported by Zhang et al. [52] for summer
grass and summer mixed forest. The 10th and 90th percentile of vd is 0.004 cm/s, and 1.7 cm/s respectively.
The 90th percentile is a relatively high value and could result from the AGM measurement technique used,
which is known to overestimate dry deposition in the roughness sublayer by approximately a factor of
two.[33] However, there is precedence of measured dry deposition velocities for foliage in this range.[53]
These measurements represent, to our knowledge, the first estimate of O3 dry deposition to urban greenery
specifically and appear generally in-line with measurements of O 3 dry deposition to other vegetation.
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Figure 5. (a) Ozone dry deposition velocities to urban greenery and green roofs over a two-day
period in the summer of 2017. The dashed red line is the measured dry deposition velocity and the gray is
the propagated uncertainty (some uncertainties are large and limit interpretation of vd trend, so a fixed
axis was assigned) (b) Surface resistance to O3 of urban greenery for a two-day period in the summer of
2017 (c) Cumulative distribution functions of the three resistances.
Over periods of measurable resistance, the O3 surface resistance is roughly an order of magnitude
greater than aerodynamic and boundary layer resistance. On the second day, during periods of higher
deposition velocities, the surface resistance comprises a relatively lower percentage of the total resistance.
From this, it can be inferred that the surface resistance is the rate limiting step in the dry deposition process.
However, the calculation of surface resistances as the remaining resistance after directly calculating
aerodynamic and boundary layer resistance results in uncertainty in multiple measurements propagating to
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the surface resistance. Our best estimate of uncertainty for the turbulence data in this procedure was
determined from Velasco et al.[54], who conducted an uncertainty analysis on eddy covariance data. A
±20% random error and a ±10% systemic error was assumed on the flux data and a total uncertainty of 60%
was found on the flux measured. The required number of days to reduce the uncertainty of high frequency
instruments is large and therefore cannot be compiled as seasonal trends become important.[54] Instead, a
filtration was performed on the turbulence data similar to Muller et al. [55] where corrections were made
for stability, wind direction and friction velocity below the threshold of 0.08 m/s. A propagation of errors
was performed using ±1 standard deviation from the mean concentration over a 30-minute period. This
resulted in an uncertainty that was on similar scales as previously reported for gradient methods.[55]
Figure 5c shows the cumulative distribution function (CDF) for all resistances measured during the
two-day period. The 10th and 90th percentile of the resistances are 46 s/m and 1700 s/m respectively with a
median value of 155 s/m. The 10th and 50th percentiles are of similar scales to prior work presented by
Weseley et al.[56] for a midsummer period with lush vegetation in various land types including urban,
agricultural and various forests. The 90th percentile is of the same scale as water, fresh snow and nonforested wetland.[56–58] Interestingly, the conditions of the plants on the rooftop and surrounding area are
likely drier than reported by Weseley et al.[56] given the description of “lush” vegetation vs. the waterstressed state of vegetation here.
The variation in the magnitude of surface resistance observed in Figure 5c is likely due to
physiological processes associated with plant phenology and/or the local meteorological conditions.[59]
Plant physiological state and O3 uptake have been investigated by Wieser et al. [60], showing uptake of O3
depends on the plant stomatal conditions, interaction with the mesophyll inside the plant, as well as the
outer surface and soil resistances. There is also a seasonal dependence for vegetation, as plants are more
conducive to uptake of O3 in different periods of the year due to stomatal behavioral variations, primary
emissions variations and others. For example, in spring, we expect the sedums to flower, therefore
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increasing their leaf area index and possibly complicating the homogenous chemistry over the green roof
which could lead to greater ozone removal and perhaps a slight increase in measured ozone deposition
velocities. Further exploration of the contributors to surface resistances for a common class of plants used
on green roofs, sedums, is described in Section 3.2.
3.2 Chamber Experiment Results
Chamber experiments were performed on a green roof and bare substrate samples taken from the
green roof shown in Figure 4. Light and soil moisture conditions were varied across low, medium and high
conditions. The photosynthetic active radiation (PAR) was 1.2, 14.3, and 100.9 µmol m-2 s-1 for the green
roof substrate and 1.2, 12.7, and 89.8 µmol m-2 s-1 for the substrate. The upper-limit here is low compared
to full sunlight day in the summer in Portland, OR, and was limited by the lamps available that did not also
appreciably alter the sample air and surface temperature. The moisture conditions, ranging from 0.03 to
0.07 m3 m-3 volumetric water content (VWC) for the soil substrate were lower than the water content of the
green roof sample. Surface resistances measured in the laboratory ranged from 360 s/m to 435 s/m and fell
in the 60th -70th percentile of field measurements. This implies that rooftop vegetation, comprised of sedum
and herbaceous species, appears to have surface resistance similar to that of urban vegetation.
The green roof sample had slightly higher overall average surface resistance compared to the bare
substrate sample (390 s/m for the green roof vs. 350 s/m for the substrate), although the difference is within
the range of measurement uncertainty. Higher PAR also appeared to lead to a higher surface resistance for
most water conditions, again within the range of uncertainty associated with triplicate measurements
(Figure 6). Plant and substrate behavior with low water content (red bar, Figure 6) are variable.
Interestingly, the driest green roof sample was neither the highest nor lowest surface resistance. In contrast,
the driest conditions when substrate alone was tested had the highest surface resistance, implying that
substrate water content was key in limiting O3 uptake. For sedum species specifically, a wide range of
stomatal conductance of water vapor has been reported under varying light, water, and temperature
conditions, with the greatest resistances attributed to periods of drought stress during which the plants enter
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into the water efficient crassulacean acid metabolism, or CAM photosynthesis.[61] This is not evident in
our green roof sample, which we speculate to be a result of the presence of exposed substrate in our green
roof sample that offered a parallel uptake pathway to that of the high surface resistance stomatal pathways
during periods of low water content. Nonetheless, further experiments for different coverage and
environmental conditions are needed to specifically evaluate this potential response for sedums.

Figure 6. (a) Surface resistances from chamber experiments of varying light (µmol m-2 s-1 ) and soil
moisture (m3 m-3 VWC) for a sample from a green roof sample. (b) Surface resistances from chamber
experiments of varying light (µmol m-2 s-1 ) and soil moisture (m3 m-3 VWC) for a bare substrate sample.
3.3 Rooftop Advection-Diffusion Model Results
As mentioned in section 3.1, the field measurements represent a footprint that includes the green
roof and surrounding vegetation. We conducted laboratory measurements that demonstrate that surface
resistances of urban greenery are reasonably consistent with surface resistances measured specifically to
vegetated rooftop surfaces (Section 3.2). Here, we employ the range of surface resistances measured in the
lab and field studies in a model of O3 transport and removal at the rooftop scale, similar to the work done
by Santiago et al.[62] for dry deposition on urban street canyons. This approach allows parameterizations
determined from laboratory and field studies of O 3 dry deposition to be modeled at the scale of the green
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roof. A parametric study is performed with equations 5 and 6, where five key input variables are varied
according to Table 1.
Table 1: The variation in different variables for parametric study, all values taken for the percentiles
shown from the field study described in the text
Case
Base Case
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10
Case 11
Ideal Case

Fetch
Length (m)
1
3
5
1
1
1
1
1
1
1
1
5

Vegetation
Height (m)
0.13
0.13
0.13
0.07
0.20
0.13
0.13
0.13
0.13
0.13
0.13
0.20

Friction
Velocity (m/s)
0.32
0.32
0.32
0.32
0.32
0.12
0.47
0.32
0.31
0.31
0.31
0.47

Heat Flux
(W/m2)
129
129
129
129
129
129
129
11
203
129
129
11

Surface
Resistance (s/m)
155
155
155
155
155
155
155
155
155
46
1700
46

The base case assumes a green roof length of 1 m. Variations include 3 and 5 m fetch lengths. This
range of fetch length values is based on prior experience and a convenience survey of green roofs in
Portland, OR to which we had access. The height of the vegetation elements for the base case is 0.13 meters,
determined from measurements of the dominant species of sedum. This height was chosen based on a
parallel effort at our field site in which the plant species, vegetation height, and vegetation cover were
recorded over a year. Vegetation heights were observed to range from 0.07 to 0.20 m.[63] The friction
velocity, heat flux and surface resistance were determined from the median values measured from the field
for the base case. The initial O3 concentration is 144 ug/m3 , the maximum concentration measured in our
field campaign. Finally, an “ideal” case is modeled using values that were 10th or 90th percentile values of
each parameter that maximize dry deposition to the green roof.
Of interest is the concentration of O3 entering the RTU unit, therefore, we define a column of air at
the outlet of the fetch as indicative of air entering building outdoor ventilation air. This column is assumed
to be the final column of the control volume in the model space. An example of model output is shown in
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Figure 6a for case 3. Variations from the base case for changes in the fetch length and the “ideal” case are
shown in Figure 6b.
To perform the sensitivity analysis, we compare the modeled concentration at a height of 0.75 m
above the rooftop at the end of the fetch for each scenario. The ideal case represents a decrease in O 3 levels
of ~1.8 µg/m3 and a lowest removal case of a decrease in O 3 levels of 0.25 µg/m3 . A case of fetch length of
10 m was also run to compare the model to field measurements of ‘inlet’ and ‘outlet’ of the fetch and
presented in the SI document. The modeled reduction in ambient O3 concentration in ideal scenarios was
approximately 1-1.5%. This result is of similar scale to 2% local reductions in ambient CO2 concentrations
due to green roofs estimated previously,[64] in close agreement with the results of this study. Sicard et al.
[12] found that the average air quality improvement due to urban trees and shrubs is less than 2%.
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Figure 7. (a) Example of model outcome as contour plot of the 2-D advection diffusion equation for Case
3 (base case transport conditions with 5 m fetch length), as described in the manuscript (b) Ozone
concentration profile of the column of air assumed to be entering the rooftop unit (RTU). The base case,
variations in fetch length (Case 2 = 3 m and Case 3 = 5 m), and an ideal case are represented. The ideal
case was chosen to maximize deposition, where the fetch length was 5 meters, the vegetation height was
0.20 m, the 90th percentile friction velocity, and the 10th percentile for heat flux and surface resistance.

The fetch length has the largest impact on O3 levels at 0.75 m exiting the control volume, with
vegetation height, friction velocity, heat flux and surface resistance following in that order (Figure S1 in
the SI). The impact of the length and vegetation height indicate geometry of the surface affects uptake more
strongly than do meteorological conditions, at least for the range of conditions studied here that are
indicative of extensive green roofs. Future work should further explore the impact of leaf area and intensive
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(substrate depth of approximately 15 cm or more) green roof designs on rooftop-scale air pollution levels.
The impact of the friction velocity and heat flux are also meaningful at the rooftop scale. The Elasticity
Index (EI) of friction velocity is negative, meaning greater friction velocity leads to a lower concentration
at a height of 0.75 meters above the rooftop and the EI of heat flux is the opposite, lower heat flux leads to
a lower concentration at that height.
The surface resistance has the smallest impact on O3 concentration at a height of 0.75 m above the
rooftop for the variables considered. The modeled surface resistances were 46 s/m, 155 s/m, and 1700 s/m
(10th , 50th , and 90th percentile, respectively). The 50th percentile of friction velocity and heat flux are used
to calculate the aerodynamic resistance (236 s/m) in the roughness sublayer, held constant for the variations
of surface resistance. The calculation of transport mechanisms assumes that the friction velocity and heat
flux at the rooftop scale (scale of the control volume) is similar to that of urban scale field measurements.
A base-case ra greater than the 10th and 50th percentiles of surface resistance explains why modelled O3
levels were least sensitive (Figure S1) to rs : transport resistance is large enough to limit uptake when
modeled rs is low. The parametric approach to sensitivity analysis applied here captures the response of the
rooftop system from only one approximation of the central tendency of transport and reaction; model runtimes precluded more sophisticated approaches like Monte-Carlo simulation. To address this, we modeled
the “ideal” case to capture the upper-limit of removal to the rooftop if transport and surface resistances were
brought to realistic, coincident minimum values (Figure 7b, blue line). Future work should explore the interdependencies of aerodynamic, boundary, and surface resistances across neighborhood and rooftop scales
to better understand coupling across plant behavior and meteorology, and modeling of air pollutant
dynamics.
4.0 CONCLUSION
This study evaluates the impact of green roof-O3 interactions near building outdoor ventilation air
supply. It appears the impact of green roofs for reducing rooftop-scale O3 levels are fairly modest, with the
higher range of reduction in O3 concentrations of ~1.8 µg/m3 for an ideal case (modeled when ambient
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levels equal 144 µg/m3 ). Note that this result is derived from only a two-day study at a green roof in
Portland, OR. The magnitude of reduction of O3 from ambient levels ranged, under ideal conditions, from
1-1.5%, in close agreement with an investigation of green roof impacts on local CO 2 levels [64]. Model
results indicate the importance of geometry on rooftop scale levels of O3 . This implies that future work
could evaluate the potential of intensive green roof designs (i.e., those with larger vegetation elements) to
impact air pollution levels in building outdoor ventilation air. Measurements of O3 deposition to urban
greenery, generally in-line with other land surfaces, did show periods of low surface resistance. Longerterm measurements of O 3 fluxes to urban greenery and green roofs are warranted to confirm these findings
and to explore other drivers of surface resistance, e.g., seasonal impact on plant interaction with O3 . Future
studies could also measure the impact of green roofs with other pollutants and their interaction prior to
entering building outdoor air supply.
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